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The objective of this research was to study the effect 
of Fenton's reagent on four aromatic components of gasoline 
dissolved in water. The four organic constituents include 
benzene, toluene, ethylbenzene, and o-xylene. The proposed 
model is a free radical branching chain mechanism which 
begins with a two step initiation process where hydroxyl and 
peroxyl radicals are first generated from the iron-catalyzed 
decomposition of hydrogen peroxide. The hydroxyl and 
peroxyl radicals then react with the organic substrate to 
generate cyclohexadienyl chain radicals. During the 
propagation steps, alkyl, peroxyl, hydroxyl, or other 
organic chain radicals are generated by various branching 
reactions of the cyclohexadienyl radicals. Termination 
occurs by combination or disproportionation reactions.
An analytical method using gas chromatography was 
developed for this study which allowed the concentration of 
the organic substrate to be quantitatively measured with 
time. The concentration of each of the four components 
followed a very similar trend after addition of Fenton's 
reagent: there was an immediate, almost instantaneous,
decrease in concentration followed by a more gradual
iii
T-3959
exponential decay until the organic concentration reached 
zero. The initial drop in concentration is most likely due 
to rapid initial propagation reactions and to the flooding 
of the system with hydroxyl and peroxyl radicals which then 
react with the organic substrate through addition. The 
gradual exponential decrease is probably the result of alkyl 
radical reactions during the propagation and termination 
steps.
Stoichiometric ratios of organic substrate to hydrogen 
peroxide for the fast component of the overall reaction were 
determined. The stoichiometries were shown to increase with 
increasing organic:peroxide ratios or when side chains were 
present and it was also found that they did not change 
considerably in the absence of oxygen.
Observed reaction rate constants were determined for 
the slow portion of the overall reaction. The rates did not 
change with different initial organic concentrations 
indicating that the slow reaction follows a first-order rate 
law. The rates did increase when side chains were present 
which suggests that substituted benzenes are more reactive 
in the Fenton system than benzene itself. The rates did not 
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Since its discovery in 1818 by French chemist Louis- 
Jacques Thenard, hydrogen peroxide has been used in many 
capacities. It has been used as a bleaching agent, an 
antiseptic, to etch printed circuits and semiconductors, 
and, most recently in a variety of environmental 
applications (1).
Hydrogen peroxide is ideal for environmental uses 
because it is a "clean" chemical that has a minimal impact 
on the environment. It breaks down into water and oxygen, 
leaving no toxic by-products.
Hydrogen peroxide's role in environmental applications 
is two-fold: it can be used as a bio-enhancer or as a
chemical oxidant. As a bio-enhancer, hydrogen peroxide does 
not act directly with contaminants but provides dissolved 
oxygen for microorganisms. When provided with an adequate 
supply of oxygen and nutrients, the microorganisms thrive 
and "eat" the contaminants. As a chemical oxidant, H202 can 
break down contaminants into less toxic products (2).
The oxidizing behavior of hydrogen peroxide is enhanced 
by the addition of a metal catalyst. An iron catalyzed 
system, best known as Fenton's reagent, is the combination
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of iron ions and hydrogen peroxide. In the Fenton system, 
one hydroxyl radical is created for every H202 molecule.
The hydroxyl radical then functions as a strong oxidizing 
agent.
A potential application of Fenton's reagent is to use 
it as a chemical oxidant for the destruction of organic 
contaminants in the environment. The transport of spilled 
organic materials is a major concern for environmental 
protection. A current problem is the leaking of organics 
from underground storage tanks. Leaked organics come into 
contact with groundwater, gradually dissolve, and are 
transported through the environment.
Gasoline and diesel fuel products account for the vast 
majority of all reported underground storage tank leaks, and 
therefore are of major importance. Diesel fuel consists 
primarily of straight-chain hydrocarbons ranging in length 
from 10 - 23 carbons, with chain lengths of C16 and C17 
predominating in the mixture (3). Gasoline is a mixture of 
over 200 hydrocarbons plus a few synthetic products which 
are added to increase performance. The majority of gasoline 
components range from C4 to C12 hydrocarbons, including 
benzene, toluene, ethylbenzene, and the xylenes (4). These 
four components represent a major portion of gasoline. The 
estimated amounts (weight percent in gasoline) range from
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0.12-3.50% benzene, 2.73-21.80% toluene, 3.22-8.31% xylenes, 
and 0.36-2.86% ethylbenzene (5). Benzene, toluene, 
ethylbenzene, and xylenes, also represent the most water 
soluble gasoline constituents with solubilities, at 25° C, 
of 1780, 535, 152, and 175 mg/1, respectively (6). All four 
components pose a serious threat to our environment because 
of their toxicity to humans.
The objective of this research is to study the effect 
of Fenton's reagent on these four aromatic components of 
gasoline dissolved in water. The kinetics and stoichiometry 
of the aqueous oxidation reactions between Fenton's reagent 
and benzene, toluene, ethylbenzene, and o-xylene will be 
investigated. A free radical branching chain mechanism will 
be the proposed model for this study. This model involves 
the following steps:
1. Initiation - 2 stage process:
a. 2H202 — > H20 +-0H +’02H
b. -OH + S — > S/
•o2h + S — > s2*
The proposed overall initiation reaction of both stages
is:




H HO H 0 2H
^  ^  S2 =
R R
2. Propagation - branching of chain propagation steps 
by chain radicals:
r  3 q r  Sl\ m3.r
4 I    S X
S 8
("---   c
v ./ -S»X
s *y
s 6* i s y
*10
Where S; ... S*, S* are alkyl, hydroxyl and peroxyl*♦ a y
chain radicals generated by the various branching reactions
of S1' and S2* .
3. Termination by combination or disproportionation 
reactions:
S • + S ’ — > S ̂x y x+y
2SX- — > S * + S 'X X
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BACKGROUND
Nearly 100 years ago, Fenton reported that ferrous ion 
strongly promotes the oxidation of malic acid by hydrogen 
peroxide (7). Later work has shown that the combination of 
H202 and a ferrous salt, known as "Fenton's reagent", is an 
effective oxidant on a wide variety of organic substrates.
In 1934, a free-radical mechanism was proposed for the 
oxidation of organics by Fenton's reagent, where the 
hydroxyl radical is the actual oxidant in such systems (8). 
In 1975, Walling proposed the following updated model for 
Fenton's reagent oxidation (9):
H202 + Fe2+ — > Fe3+ + HO' + HO* [1]
HO* + Fe2+ — > Fe3+ + HO [2]
HO* + R . H  — > H20 + R-- [3a]
HO- + Rj.H — > H20 + R.- [3b]
HO* + RkH — > H20 + Rk- [3C]
R,-+ Fe3+ — > Fe2+ + R;+ [4]
2Rj* — > product (dimer)
Rk- + Fe2+ + H+ — > Fe3+ + RkH [6]
[5]
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Reactions 3 are written as hydrogen abstractions but, 
with unsaturated molecules, may be written as kinetically 
equivalent additions. They assume the possible formation of 
three types of radicals, R^, Rj*, and Rk*, which respectively 
undergo either oxidation (regenerating Fe2+ to propagate a 
redox chain), dimerization, or reduction.
The hydroxyl radical is formed in the initial stages of 
the Fenton reaction when hydrogen peroxide decomposes in the 
presence of iron ions. The free radical mechanism involves 
the following reaction sequence (10-16):
Fe3+ + H202 — > Fe2+ + H+ + *02H [7]
Fe2+ + H202 — > Fe3+ + HO* + HO* [8]
HO* + H202 — > *02H + H20 [9]
Fe3+ + *02H — > Fe2+ + H+ + 02 [10]
Fe2+ + *02H — > Fe3+ + H02* [11]
with the overall net reaction in the absence of any other 
reagents being:
2H202 — > 2H20 + 02 [12]
The oxidation of benzene and benzene derivatives by 
Fenton's reagent has been known for nearly 90 years (17). 
With benzene itself, data are consistent with the formation
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of hydroxyl radicals and their rapid addition to the 
aromatic ring followed by dimerization of the resulting 
hydroxycyclohexadienyl radicals and loss of water to yield 
biphenyl or by their oxidation to phenol (18,19).
HO* +






Radiation chemistry results have shown that the 
hydroxyl radical addition is very rapid (k=3-8 x 109 L/mole- 
sec) (20), and the intermediate hydroxycyclohexadienyl 
radical has been detected under a variety of conditions both 
by uv and esr spectroscopy (21,22).
^  Phenols have been shown to undergo oxidative coupling 
in the presence of alkaline potassium ferricyanide or ferric 
chloride (neutral or acidic) (23). The most common 
mechanism for this reaction involves the formation and 
dimerization of phenoxy radicals. As an example, p-cresol
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oxidation gives the 4-methylphenoxy radical, in which the 
odd electron density is distributed mainly over the oxygen 
atom and the ortho and para ring carbon atoms.
The tyro radicals can then combine by carbon-carbon coupling 
(three ways, o-o, o-p, or p-p) or by carbon-oxygen coupling 
(two ways, o-O or p-0). Ortho-ortho coupling would give the 
diphenol as a result of tautomerization following coupling.
Other research has shown that hydroquinone is also a 
product of the Fenton's reagent oxidation of benzene (24). 
The active species responsible for this product was again 
concluded to be the hydroxyl radical.
0 0 [14]
ch3 ch3
H OH H 0 H H OH OH
•OH + [16]
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The regeneration of hydrogen peroxide has also been 
shown to be a possibility after treatment of benzene with 
Fenton’s reagent (25). If the consumption of benzene is 
caused only by OH radicals which are derived from H202 
externally added, then the relative consumption of benzene 
to hydrogen peroxide should be unity. But Kunai, et al., 
reported that the consumption of benzene was greater than 
unity. The excess uptake was explained by the Dorfman 
mechanism where an 02H radical is liberated from a phenol
(26) . 02H radicals then disproportionate to give 02 and H202
(27) .
2*02H — > H202 + 02 [18]
Subsequent work with substituted benzene derivatives 
indicates that the chemistry of hydroxyl radical adducts to 
aromatic systems may be considerably more complicated than 
indicated by equation 13. In fact, research has shown that 
when substituted benzene derivatives are treated with
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Fenton’s reagent, up to 70% of the products are either 
unidentifiable or "missing" (28,29).
Walling and Johnson have proposed the following scheme 
for hydroxyl radical reactions with substituted benzene 
derivatives (30):
Scheme I represents some of the possible reaction 
pathways substituted benzenes can undergo in the presence of 
hydroxyl radicals. Pathway a illustrates the typical 
addition reaction which generates the cyclohexadienyl 
radical. This radical can then undergo oxidation to form 
phenolic products or it can follow pathway b to generate a 
radical cation. The radical cation can then undergo side 
chain cleavage which generates a new radical and a phenyl 
cation. Walling and Johnson propose that the radical cation
Scheme I:




is a "bona fide" intermediate chiefly because it provides a 
means of accounting for the "missing" products.
Another path for the hydroxycyclohexadienyl radical has 
been suggested by Jefcoate, et al. (31). Where it was found 
that when oxidized with the hydroxyl radical, toluene 




(CD) , h2o * »* >19>
H OHH+
Scheme I serves to illustrate the extreme complexity of 
the reaction of hydroxyl radicals with substituted aromatics 
and the difficulty in drawing mechanistic conclusions from 
partial product analysis.
Oxidation of substituted aromatics with Fenton's 
reagent has been shown to follow an even different pathway 
where oxidation of the side chain leads to the formation of 
benzyl or alkyl radicals (32). Norman, et al., started with 
aromatic acids, and found that the acids are oxidized by 
hydrogen peroxide to give peracids which are then reduced to 




»-CH 2-CH2-C02H H2̂! w CH 2-CH2-C02-0H
[20]
>-CH 2-CH2* CH 2-CH2CO 2 *
However, Norman's results supported a mechanism in 
which oxidation of the side chain is not competitive with, 
but instead succeeds, the addition of the hydroxyl radical 
to the ring.
Liquid phase oxidations also include the reactions 
between organic compounds and molecular oxygen, i.e. 
autoxidation reactions. The initiation of autoxidation by a 
direct reaction between oxygen and the organic compound has 
been observed only occasionally, but autoxidations are 
readily catalyzed by substances that yield free radicals 
upon decomposition. It is well recognized that most 
autoxidations involve the free-radical chain process 
described by the following series of reactions (33,34):
Initiation:
production of free radicals
initiator, I — > R* [21]
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Propagation
R* + 02 — > ROO* [22]
ROO* + RH — > ROOH + R* [23]
Termination
ROO* + ROO* — > non-radical products [24]
ROO* + R* — > RO-OR [25]
R* + R* — > R-R [26]
The production of free radicals for initiation can be 
generated several ways —  two of which are hydroperoxide 
decomposition and metal ion catalysis.
The accumulation of peroxidic material during 
autoxidation means that initiation can then proceed by an 
energetically favorable process of hydroperoxide 
decomposition. At low concentrations the hydroperoxide 
yields radicals by a first-order process
And at higher concentrations, because of molecular 
association of the hydroperoxide, yields radicals by a 
second-order process.
ROOH — > RO* + *0H [27]
2ROOH — > RO* + ROO* + H20 [28]
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Metal ions in their higher oxidation state may generate 
free radicals directly from an organic substrate by the one- 
electron transfer reaction:
The most conclusive evidence for this reaction has been 
obtained by Heiba, et al. (35). They studied the cobalt 
acetate-catalyzed oxidation of alkyl aromatic hydrocarbons 
in acetic acid in the absence of oxygen. They proposed that
the first step in this reaction involves the reversible
interaction of cobaltic ion with the aromatic hydrocarbon to
give a radical cation:
The radical cation is then believed to lose an alpha proton 
to give a benzyl radical which in the absence of oxygen is 
rapidly oxidized by Co3* to benzyl acetate.
R H  + MĈ 1>* — >  r* + H* + M°* [29]
+ Co 2+
[30]
CH.l3 c h 2. CH2 CH 20Ac [31]
,+ Co 3+
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Once the hydroperoxide material accumulates, the most 
important initiation process by metal ions involves reaction 
with the hydroperoxide. A commonly accepted scheme for the 
overall reaction is through a redox cycle (3 6).
Mn+ + ROOH — > M(n+1>+ + RO* + HO






Solutions were prepared using deionized water and 
reagent grade chemicals (unless otherwise indicated). 
Benzene, o-xylene, and ferric nitrate 9-hydrate (Fe(N03)3- 
9H20) were purchased from J.T. Baker Chemical Company; 
toluene (purified grade) from Fisher Scientific; 
ethylbenzene from Eastman Kodak Company; and hydrogen 
peroxide (30%) from Mallincrodt.
Solution Preparation
A stock solution of ferric nitrate (0.00150M) was 
prepared by mixing 60.6 mg Fe(N03)3-9H20 with 100.0 ml of a 
blank water solution. The blank water solution was made by 
adjusting the pH of deionized water to 1.0 with nitric acid 
(6M) .
Hydrogen peroxide solutions (0.0100M) were prepared by 
diluting 51.1 jul of 30% hydrogen peroxide with 50.0 ml 
deionized water and then stored in a dark bottle to minimize 
photodecomposition. Fresh hydrogen peroxide solutions were 
made prior to each set of experimental runs.
Benzene, toluene, ethylbenzene, and o-xylene solutions 
were prepared as follows: approximately 50 ml of deionized
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water was placed into a tared 50 ml ground-glass-stoppered 
volumetric flask and then weighed to the nearest 0.1 mg.
5 - 10 pi of one of the organic reagents was then added by 
an automatic adjustable pipet to the water in the flask, the 
flask immediately stoppered, and then reweighed (37) . The 
solutions were mixed by inverting the flask 3 - 5  times and 
then allowed to sit several hours at room temperature to 
ensure complete dissolution of the organic substrate. The 
concentrations of the organic solutions were calculated from 
the net gain in weight and reported on a weight/weight basis 
in parts-per-million (ppm). The concentrations were kept 
below their solubilities and ranged from 102 to 195 ppm.
Solutions containing all four organic constituents - 
benzene, toluene, ethylbenzene, and o-xylene - were prepared 
as follows: a stock four-component mixture was made by
adding equal volumes (2.0 ml) of each organic reagent into 
an 8 ml Teflon lined screw top vial. The vial was inverted 
several times to ensure complete mixing of the four 
components. Approximately 50 ml of deionized water was 
added to a tared 50 ml ground-glass-stoppered volumetric 
flask and weighed to the nearest 0.1 mg. 10 - 20 pi of the 
stock mixture was added to the water, the flask immediately 
stoppered, and then reweighed. The solution was mixed by 
inverting the flask 3 - 5  times and then allowed to sit
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several hours at room temperature. The concentration of the 
four-component organic solution was calculated from the net 
gain in weight and reported on a weight/weight basis in 
parts-per-million.
Several experiments were conducted in the absence of 
oxygen. Preparation of the oxygen-free solutions was as 
follows: a blank water solution was first prepared by
placing approximately 200 ml of deionized water into a 250 
ml erlenmeyer flask. The flask was sealed with a two-hole 
stopper and equipped with glass tubing to allow for the 
introduction and venting of nitrogen gas. The gas was 
bubbled through the water overnight to ensure complete 
removal of oxygen. Stock hydrogen peroxide, iron, and 
organic solutions were then prepared as described earlier 
using the oxygen-free blank water solution while under a 
nitrogen atmosphere in a glove bag.
Calibration standards at five concentration levels were 
prepared by successive dilutions of a stock organic 
solution. The concentration levels corresponded to the 
range of concentrations found in the samples being analyzed. 
Five sets of calibration standards were prepared: Four for
the single-component systems and one for the four-component 
system (38).
Reaction solutions containing an organic component,
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hydrogen peroxide, and ferric nitrate were made from the 
stock solutions. The pH of the reaction solutions was 
approximately 2.0.
Apparatus
All experiments were performed using a Tracor 560 gas 
chromatograph interfaced with a Hewlett-Packard #3 394A 
integrator. The gas chromatographic column was a fused 
silica megabore column and the liquid phase was Durabond DB- 
5 (J&W Scientific) with a film thickness off 1.5 pm. The 
column dimensions were 30 m x 0.54 mm i.d. A flame 
ionization detector (FID) was used for detection of the 
analytes.
Reactions were carried out in 8 ml glass vials and 
sealed with open top screw caps lined with Teflon coated 
septa.
Aliquots of stock solutions were delivered to the vials 
using Pipetman Adjustable Microliter Pipettes from Rainin 
Instrument Co., Inc., and a 10 pi Hamilton syringe was used 
to inject the reaction solution into the gas chromatograph.
Two computer programs were utilized: Lotus 123 Version
2.01 (Lotus Development Corp., 1986) for spreadsheet 
formulation, and Grapher Version 1.51 (Golden Software,
Inc., 1986) for graphing applications. The programs were
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run on IBM compatible computers.
Analytical Procedure
A procedure was developed to measure the rate of 
disappearance of four organic compounds in water after 
treatment with Fenton's reagent.
Preliminary experiments determined optimal gas 
chromatographic conditions. For the single-component 
organic solutions containing only benzene, toluene, 
ethylbenzene, or o-xylene, the operating conditions were set 
as follows: helium was the carrier gas with the flow set at
15 ml/min and a column head pressure of 10 psi. Injection 
and detection port temperatures were 225° C and 270° C, 
respectively. The column was maintained at an isothermal 
temperature of 150° C. Direct splitless injection of the 
water sample was employed. Each of the analytes eluted in 
less than two minutes.
The operating parameters for the solutions containing 
all four organic constituents - benzene, toluene, 
ethylbenzene, and o-xylene - were the same as for the 
single-component systems with the exception of the column 
temperature. A temperature program was utilized to obtain 
short elution times yet yielding complete separation and
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maximum resolution of the four components. The column 
temperature started at 80° C at the time of injection and 
was held for one minute, then increased at a rate of 10° 
C/min until a final temperature of 150° C was reached. All 
four analytes eluted in less than five minutes. A sample 
chromatogram is presented in figure 1.
The integrator response was automatically calculated as 
the area under each analyte peak. Peak area should be 
proportional to analyte concentration, so calibration curves 
of peak area versus analyte concentration were constructed 
to validate this assumption. The graphs showed a linear 
relationship which verified the integrity of the integrator 
response. Calibration curves were constructed under both 
types of operating conditions. As previously mentioned, 
five calibration curves were developed - four for the 
single-component systems and one for the four-component 
system.
Prior to starting each set of kinetic experiments, two 
things were done: first, 1 pi of a blank water solution was
injected into the gas chromatograph to verify that no 
external contamination was present in the water or in the 
column? and second, 1 pi aliquots of the stock organic 
solution (prior to the addition of Fenton's reagent) were 
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peak area for the concentration of that solution. Since 
peak area is proportional to concentration, the 
concentration of the organic solution after treatment with 
Fenton's reagent could be calculated from the average peak 
area of the stock organic solution. The peak area of the 
stock organic solution was rechecked periodically throughout 
the set of experiments to verify that the concentration was 
not diminishing on its own prior to the addition of Fenton's 
reagent.
As mentioned earlier, the rate of disappearance of an 
organic substrate was to be measured after treatment with 
Fenton's reagent. Therefore, the initial molar ratio of 
organic substrate to hydrogen peroxide was varied in order 
to adequately examine the kinetics of the systems. Three 
different organic:H202 ratios were studied for each 
experiment: 5:1, 10:1, and 20:1.
Reaction solutions were prepared by adding an aliquot, 
typically 2 - 5 ml, of a stock organic solution to an 8 ml 
vial. An appropriate amount of stock hydrogen peroxide 
(0.0100M) was then added to the organic solution to 
establish a molar ratio of 5:1 of organic to hydrogen 
peroxide. A catalytic amount, ten times less than that of 
the hydrogen peroxide, of the stock iron solution (0.00150M) 
was added last to the vial. The vial was immediately sealed
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with an open screw top lined with a Teflon septum and then 
inverted several times to mix the reaction solution. 
Experimental time began when the iron solution was added to 
the vial. 1 ul of the reaction solution was then 
immediately injected into the gas chromatograph to begin 
concentration versus time measurements. Initial 
measurements of the reaction solution were made until 
approximately 3 0 minutes of experimental time had lapsed.
All experiments were conducted at room temperature which 
varied between 24.9° and 29.9° C.
Reaction solutions at 10:1 and 20:1 initial molar 
ratios were then prepared and monitored using the same stock 
solutions and technique as described for the 5:1 reaction 
solution. Additional measurements were periodically taken 
for all three solutions until the reactions were at least 
90% complete. From these measurements, concentration versus 
time graphs were constructed. The organic concentrations at 
time, 't1, was illustrated as a percentage of the original 
organic concentration remaining after treatment with 
Fenton's reagent: ([org]t/[org]0) xlOO.
Oxygen-free experiments followed the same procedure as 
described for the oxygen saturated experiments except that 
all solution and reaction mixture preparation was carried 
out under a nitrogen atmosphere in a glove bag.
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RESULTS
The objective of this study was to determine the effect 
of Fenton's reagent on four aromatic compounds: benzene,
toluene, ethylbenzene, and o-xylene. It was found that all 
four organic components followed a similar trend after 
treatment with Fenton's reagent: an immediate drop followed
by a much more gradual decrease in concentration down to 
zero. Therefore, the overall process will be divided into 
two components: a fast reaction and a slow reaction. A
typical plot of concentration versus time is presented in 
Figure 2.
The proposed model for this study is a free radical 
branching chain mechanism, with a detailed reaction sequence 
as follows:
1. Initiation occurs in two stages.
a. The first stage is the ferric ion catalyzed 
decomposition of the initiator, hydrogen peroxide, 
into free radicals.
H202 + Fe3+ — > Fe2+ + H+ + '02H 
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Figure 2. Typical plot of time versus concentration, where
concentration = [org]t/[org]0 x 100 (Percent organic
remaining).
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with the net equation for the first stage of 
initiation:
2H202 — > H20 + -02H + *0H [36]
b. The second stage involves the addition 
reactions between the peroxyl or hydroxyl radicals 
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2. Propagation involves the generation of organic 
radicals by either unimolecular or bimolecular 
reactions from the cyclohexadienyl chain radicals. A 








+ H o0 + H
OH
+








These organic radicals can in turn generate more organic 
radicals. Hence, the term "branching" chain mechanism.






2*02H — > H202 + 02 [43]
In these two cases, "termination" generates more 
radical generating peroxides. Many different products are 
possible due to the large number of organic radicals 
generated in the propagation steps and recycled through 
"termination" steps.
It is proposed that the initiation reactions proceed 
more rapidly than the propagation reactions which would 
explain the observed trend of the immediate drop of organic 
concentration (fast reaction) followed by a more gradual 
rate of disappearance (slow reaction).
For the kinetic analysis, the concentration of the
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organic substrate at time, 't1, was required. Two kinetic 
parameters were determined in this study: (1) the
stoichiometric relationship between the organic substrate 
and hydrogen peroxide during the fast reaction, and (2) the 
observed rate constant, kobs, for the slow component of the 
overall reaction.
Results are presented in four sections: (1)
calibration curves, (2) determination of organic 
concentrations, (3) determination of kobs for the slow 
component of the overall reaction, and (4) determination of 
stoichiometries for the fast component.
Calibration Curves
Five calibration curves were generated: four for the
single component systems and one for the four component 
system. The curves are presented in figures 3-7. As 
discussed in the experimental section, each curve was 
generated by plotting the area count (integrator response) 
against five concentration levels. Linear regression was 
computed for the five points for all calibration curves.
The equations for each calibration curve are:
Single component calibration curves:
Benzene Y=1213X + 907
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Figure 7. Calibration curve for benzene, toluene,
ethylbenzene, and o-xylene in the four component system.
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Ethylbenzene Y=1207X - 3328
0-Xylene Y=1501X - 1542
Four component calibration curve
Benzene Y=1118X - 4423
Toluene Y=1117X - 1278
Ethylbenzene Y=1209X - 292
0-Xylene Y=1487X + 2013
Determination of Organic Concentrations
Initial concentrations in molarity (M) of the organic 
solutions were calculated from their corresponding 
concentrations in parts-per-million (ppm). In aqueous 
solutions, ppm is equivalent to mg/L (39). The initial 
concentrations were calculated using the following equation:
t°rg]0(ppm) x V0
[org]t (M) = ______________________
MW X  1000 x vT
where Vo = aliquot of stock organic solution
VT = total volume of reaction solution = organic 
+ hydrogen peroxide + iron volumes.
MW = molecular weight (g/mole) of organic 
constituent.
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The ppm concentrations were calculated as described in 
the experimental section. Initial organic concentrations 
are listed in Tables 1 - 2 .
Organic concentrations at time, ' t', were calculated 
from the integrator response (area count). An average area 
count for the stock organic solution was first established. 
Then, the concentrations at time, 't', were calculated using 
the following equation:
[°rg]0 X  A,
[°rg]t =_____________A
o , a v g
where At = area count of analyte at time, *t*.
Ao avg = average area count for stock analyte 
solution.
The percent of organic substrate remaining was then 
calculated from:
[°rg]t 
________  x 100
Co r g ] Q
The plots of percent organic remaining versus time are 
presented in Appendix B.
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Table 1. Initial concentrations of reactants for Fenton's 
reagent experiments in the single component systems.
Organic [org]o [org]o [H202]o [Fe-3]
Exp t Component (ppm) ( M ) ( M ) ( M )
l a Benzene 102 1.25E-03 2.50E-04 2.50E-05
lb Benzene 102 1.28E-03 1.28E-04 1.28E-05
lc Benzene 102 1.29E-03 6.4 5E-05 6.4 5E-0 6
2a Benzene 108 1.32E-03 2.64E-04 2.64E-05
2b Benzene 108 1.35E-03 1.35E-04 1.35E-05
2c Benzene 108 1.37E-03 6.82E-05 6.82E-06
3a Toluene 132 1.37E-03 2.74E-04 2.74E-05
3b Toluene 132 1.40E-03 1 .40E-04 1.40E-05
3c Toluene 132 1.42E-03 7.10E-05 7.10E-06
4a Toluene 195 1.98E-03 3.95E-04 3.9 5E-05
4b Toluene 195 2.04E-03 2.04E-04 2.04E-05
4c Toluene 195 2.08E-03 1.04E-04 1.04E-05
5a Ethylbenzene 122 1.11E-03 2.22E-04 2.22E-05
5b Ethylbenzene 122 1.13E-03 1.13E-04 1.13E-05
5c Ethylbenzene 122 1.14E-03 5.71E-05 5.71E-06
6a Ethylbenzene 150 1.35E-03 2.69E-04 2.69E-05
6b Ethylbenzene 150 1.38E-03 1.38E-04 1.38E-05
6c Ethylbenzene 150 1.39E-03 6.9 7E-05 6.97E-06
7a 0-Xylene 150 1.35E-03 2.69E-04 2.69E-05
7b 0-Xylene 150 1.38E-03 1.38E-04 1.38E-05
7c 0-Xylene 150 1.39E-03 6.97E-05 6.97E-06
8a 0-Xylene 171 1.53E-03 3.06E-04 3.06E-05
8b O-Xylene 171 1.57E-03 1.57E-04 1.57E-05
8c 0-Xylene 171 1.59E-03 7.94E-05 7.94E-06
9a 0-Xylene 168 1.50E-03 3.00E-04 3.OOE-O 5
9b 0-Xylene 168 1.54E-03 1.54E-04 1.54E-05
9c 0-Xylene 168 1.56E-03 7.80E-05 7.80E-06
10a 0-Xylene 172 1.54E-03 3.07E-04 3.07E-05
10b 0-Xylene 172 1.58E-03 1.58E-04 1.58E-05
10c 0-Xylene 172 1.60E-03 7.99E-05 7.99E-06
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Table 2. Initial concentrations of reactants for Fenton's 
reagent experiments in the four-component systems.
Organic [org]o [org]o [H202]O [Fe+3]
Expt Component (ppm) (M) (M) (M)
11a BTEX Total: 360 3 .39E-03 6.79E-04 6.79E-05
11a Benzene 90 1.02E-03 1.7 0E-04 1 .70E-05
11a Toluene 90 8 . 65E-04 1.70E-04 1 .70E-05
11a Ethylbenzene 90 7 . 52E-04 1 .70E-04 1.70E-05
11a 0-Xylene 90 7.52E-04 1.70E-04 1. 70E-05
lib BTEX Total: 360 3 .59E-03 3.59E-04 3.59E-05
lib Benzene 90 1.08E-03 8.98E-05 8.9 8E-0 6
lib Toluene 90 9 .17E-04 8.98E-05 8 .98E-06
lib Ethylbenzene 90 7.97E-04 8.98E-05 8.98E-06
11b 0-Xylene 90 7 .97E-04 8.98E-05 8.98E-06
11c BTEX Total: 360 3.70E-03 1.85E-04 1. 85E-05
11c Benzene 90 1.11E-03 4.63E-05 4.63E-06
11c Toluene 90 9.45E-04 4.63E-05 4.63E-06
11c Ethylbenzene 90 8.21E-04 4.63E-05 4.63E-06
11c 0-Xylene 90 8.21E-04 4.63E-05 4.63E-06
12a BTEX Total: 354 3.34E-03 6.66E-04 6.66E-05
12a Benzene 88 1.00E-03 1.66E-04 1.66E-05
12a Toluene 88 8.53E-04 1.66E-04 1.66E-05
12a Ethylbenzene 88 7.4 2E-04 1.66E-04 1.66E-05
12a 0-Xylene 88 7.42E-04 1.66E-04 1.66E-05
12b BTEX Total: 354 3.54E-03 3.54E-04 3 .54E-05
12b Benzene 88 1.06E-03 8.85E-05 8.85E-06
12b Toluene 88 9.03E-04 8.85E-05 8.85E-06
12b Ethylbenzene 88 7.86E-04 8.85E-05 8.85E-06
12b 0-Xylene 88 7.86E-04 8.85E-05 8.85E-06
12c BTEX Total: 354 3.64E-03 1.82E-04 1.82E-05
12c Benzene 88 1.09E-03 4.55E-0 5 4.55E-06
12c Toluene 88 9.3 IE-04 4.55E-05 4.55E-06
12c Ethylbenzene 88 8.10E-04 4.55E-05 4.55E-06




Organic [org]o [org]o [H202]o [Fe+3]
Exp t Component (ppm) (M) (M) (M)
13a BTEX Total: 449 4 .11E-03 8.22E-04 8 .22E-05
13a Benzene 112 1. 24E-03 2.05E-04 2.05E-05
13a Toluene 112 1.07E-03 2.05E-04 2.05E-05
13a Ethylbenzene 112 9 .08E-04 2.05E-04 2.05E-05
13a 0-Xylene 112 9.08E-04 2.05E-04 2.05E-05
13b BTEX Total: 449 4.41E-0 3 4.4 IE-04 4 .41E-05
13b Benzene 112 1.34E-03 1.10E-04 1.10E-05
13b Toluene 112 1.14E-03 1.10E-04 1.10E-05
13b Ethylbenzene 112 9.74E-04 1.10E-04 1.10E-05
13b 0-Xylene 112 9.74E-04 1.10E-04 1.10E-05
13c BTEX Total: 449 4.58E-03 2.29E-04 2.29E-05
13c Benzene 112 1.38E-03 5.73E-05 5.73E-06
13c Toluene 112 1.18E-03 5.73E-05 5.73E-06
13c Ethylbenzene 112 1.01E-03 5.73E-05 5.73E-06
13c 0-Xylene 112 1.01E-03 5.73E-05 5.73E-06
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Determination of k̂ u
As mentioned previously, it was observed that the 
overall reaction proceeded in two stages: a fast stage
followed by a slow stage. Since the fast stage appeared to 
be almost instantaneous, nearly all of the data collected 
represents only the slow portion of the overall reaction.
Data for all experiments followed a similar trend 
throughout the slow stage —  an exponential decline of the 
organic concentration with time. This exponential decay can 
be described by the general first-order rate equation (40),
A — kobs— > products
which follows the rate law 
-d[A]/dt - kobs[A]
Integration of the rate law between the time limits, zero 
and time, 't1, and between the concentration limits of [A]0 
and [A]t, yield the following rate expression:
[A]t = [A]0e'kt where k = kobs
which can also be written as
ln[A]t = ln[A]0 - k ^ t
Therefore, for a first-order reaction, a plot of ln[A]t
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versus time will yield a straight line. The slope of the 
line gives -kobs and the y-intercept gives ln[AJ0.
Experimental data was plotted as ln[org]t versus time 
and linear regression was then computed for each graph using 
Grapher computer software. The slope of each line gives 
-kobs in units of hr*1. Values of kobs are given in Table 3 
and all plots of ln[org]t versus time are presented in 
Appendix C.
Determination of Fast Reaction Stoichiometries
The stoichiometric relationship between the organic 
substrate and hydrogen peroxide was determined for each 
experiment for the fast portion of the overall reaction. In 
this study, stoichiometries are defined as the ratio of 
moles of organic substrate consumed during the fast 
component of the reaction to the total number of moles of 
hydrogen peroxide present in the reaction solution. If the 
initiation process for the proposed model (equations 34-39) 
is correct, then all of the hydrogen peroxide should be 
consumed during the fast portion of the reaction. This 
assumption was used in all fast reaction stoichiometric 
calculations.
The linear regression equations generated for the slow 
reactions were used for these calculations. The y- 
intercept, ln[org]0, represents the initial organic
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Table 3. Observed rate constants, for the slow
component of all experiments.
Organic kobs (hr-1)
Expt Component System3 5:1c 10 :lc 20: lc
1 Benzene 1 7.38E-03 5 . 65E-03 8 .51E-03
2 Benzene 1 7 . 80E-03 9.7 0E-03 7.71E-0 3
11 Benzene 4 1.92E-02 1.78E-02 1.11E-02
12 Benzene 4 1.98E-02 1.12E-02 8.30E-03
13 Benzene 4b 1 .59E-02 2.65E-02 1 .55E-02
3 Toluene 1 1 .53E-02 6.57E-03 9.27E-03
4 Toluene 1 2.30E-02 5.45E-03 5.47E-03
11 Toluene 4 2.68E-02 2 .72E-02 1.90E-02
12 Toluene 4 2.66E-02 1.95E-02 1 .54E-02
13 Toluene 4b 2.65E-02 3.23E-02 2.25E-02
5 Ethylbenzene 1 1.76E-02 1.42E-02 1 .26E-02
6 Ethylbenzene 1 2.86E-02 2.06E-02 2.01E-02
11 Ethylbenzene 4 2.73E-02 2.43E-02 2 .33E-02
12 Ethylbenzene 4 2.59E-02 2.36E-02 2.33E-02
13 Ethylbenzene 4b 3.22E-02 3.32E-02 3.32E-02
7 O-Xylene 1 3.29E-02 3.20E-02 3.34E-02
8 O-Xylene 1 2.10E-02 4.06E-02 2.10E-02
9 O-Xylene lb 2.73E-02 2.31E-02 2.12E-02
10 O-Xylene lb 3.79E-02 3.08E-02 1.91E-02
11 O-Xylene 4 2.62E-02 2.92E-02 2.30E-02
12 O-Xylene 4 2.52E-02 2.55E-02 2.08E-02
13 O-Xylene 4b 2.89E-02 3.67E-02 2.96E-02
aSystem 1 = single component reaction mixture? system 4 = 
four component (BTEX) reaction mixture. b02-free 
experiments. cInitial molar ratios of organic substrate to 
hydrogen peroxide.
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concentration for the slow component of the reaction. It 
also represents the organic concentration at the end of the 
fast portion of the overall reaction. Therefore, the 
stoichiometry could be calculated from the total change in 
organic to the total change in hydrogen peroxide. The total 
change in hydrogen peroxide is equal to the total number of 
moles of hydrogen peroxide in the initial reaction mixture 
and the total change of organic was calculated from the 
following equation:
100 - e(y‘intercept)
where nf = total number of moles of organic substrate 
consumed during the fast reaction. 
n0 = number of moles of organic substrate in 
initial reaction mixture, 
y-intercept = y-intercept from linear regression 
equations generated from plots in Appendix 
C.
A list of the calculated stoichiometries is presented 
in Table 4.
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Table 4. Calculated stoichiometries for the fast component 
of all experiments.
Organic Stoichiometry
Expt Component System3 5:1 c 10 :1c 20:1c
1 Benzene 1 2.50 2.28 3.05
2 Benzene 1 2.92 2.54 4 .46
11 Benzene 4 3.88 6.82 8.76
12 Benzene 4 4.31 6.97 8 .49
13 Benzene 4b 3.87 7.23 14. 60
3 Toluene 1 2.87 4.22 5.19
4 Toluene 1 2.48 4.78 5.39
11 Toluene 4 3.74 6.68 9.10
12 Toluene 4 3.90 6.89 8 .50
13 Toluene 4b 3.46 6.70 13.50
5 Ethylbenzene 3.29 3.86 8.06
6 Ethylbenzene 1 2.09 4.72 9.46
11 Ethylbenzene 4 3.28 6.46 11.70
12 Ethylbenzene 4 3.49 6.30 10 .50
13 Ethylbenzene 4b 3.24 6.29 12.50
7 O-Xylene 1 3.47 6.84 13.90
8 O-Xylene 1 3.84 6.75 15.40
9 O-Xylene lb 3.24 6.73 10.00
10 : O-Xylene lb 2.77 5.78 7.80
11 O-Xylene 4 2.97 5.69 11.00
12 O-Xylene 4 3.23 5.41 10.10
13 O-Xylene 4b 2.99 5.94 11. 90
aSystem 1 = single component reaction mixture; system 4 = 
four component (BTEX) reaction mixture. b02-free 




The objective of this research was to study the effect 
of Fenton's reagent on four aromatic hydrocarbons commonly 
found in gasoline in aqueous solution. Fenton's reagent 
reactions were carried out in single component systems 
containing only benzene, toluene, ethylbenzene, or o-xylene, 
and in four component systems containing all four aromatic 
hydrocarbons. The reactions for both types of systems were 
studied in the presence and also in the absence of oxygen.
In each case, the concentrations of the four components 
followed a very similar general trend after addition of 
Fenton's reagent: there was an immediate, almost
instantaneous, decrease in concentration followed by a more 
gradual exponential decay of the organic concentration. It 
is proposed that the initial drop of the overall reaction is 
due to the initiation process of the free radical branching 
chain mechanism. During the initiation process, hydroxyl 
and peroxyl radicals are generated from the iron catalyzed 
decomposition of hydrogen peroxide. The free radicals then 
add to the aromatic ring to form cyclohexadienyl radicals. 
The hydroxyl addition reaction has been studied extensively 
and has been shown to have a very rapid rate constant 
(k = 3-8 x 109 L/mole-sec) (41) . If the aromatic
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hydrocarbon has a side chain, the peroxyl or hydroxyl 
radical can also abstract a hydrogen to form an aromatic 
alkyl radical. Research has indicated though, that the 
addition reactions are more favorable than the abstraction 
reactions (42).
Therefore, to account for the nearly instantaneous drop 
in organic concentration, it is proposed that initially the 
decomposition of hydrogen peroxide floods the reaction 
system with hydroxyl and peroxyl free radicals and then the 
radicals react with the aromatic hydrocarbons through an 
addition reaction. Once all of the free radicals are "used 
up", the fast component of the overall reaction stops, and 
the slower component takes over.
The slower component of the overall reaction can be 
described as the combination of the propagation and 
termination steps of the proposed model. The aromatic chain 
radicals generated in the initiation reactions propagate the 
chain reaction by generating even more organic radicals 
through abstraction, dissociation, and other reactions. The 
possibilities of new chain radicals and products being 
formed are extensive (see background section for 
discussion).
Although the general trend of the immediate drop 
followed by the gradual decay of organic concentration held
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constant throughout the various experimental conditions, 
several interesting trends emerged within each set of 
conditions. These trends will be discussed in detail in the 
following sections. The discussion will be presented in 
four sections: (1) calibration curves, (2) fast reaction
stoichiometries, (3) observed rate constants, kobs's, for the 
slow reactions, and (4) discussion of products.
Calibration Curves
Five calibration curves were established for the two 
types of systems under investigation —  four for the single 
component system and one for the multi-component system. As 
previously discussed in the results section, linear 
regression was computed for each calibration curve. The 
linear regression equations along with their correlation 
coefficients (r2) are as follows:
Single component systems:
Benzene Y=1213X + 907 r2 = .997
Toluene Y=1242X - 2051 r2 = .997
Ethylbenzene Y=12 07X - 3328 r2 = .998
0-Xylene Y=1501X - 1542 r2 = .999
Four component system:
Benzene Y=1118X - 4423 r2 = .984
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Toluene Y—1117X - 1278 r‘2 997
Ethylbenzene Y=1209X - 292 r'.2 994
0-Xylene Y=1487X + 2013 r ‘2 994
The correlation coefficients for each equation suggest 
that a linear relationship exits between the integrator 
response and the organic concentrations for both systems, 
indicating that the analytical method was valid for the 
concentration ranges investigated.
Fast Reaction Stoichiometries
In previous sections, it was suggested that the fast 
reaction was due to the complete decomposition of hydrogen 
peroxide into free radicals followed by their subsequent 
addition to the aromatic ring. If this sequence of 
reactions is indeed responsible for the fast component of 
the overall reaction, then the observed stoichiometries 
should follow a 1:1 ratio of organic to hydrogen peroxide:
2 Org + 2H202 — > H20 + 2 Radicals
It was observed that under all experimental conditions, 
the calculated stoichiometries exceeded the 1:1 ratio of 
organic to hydrogen peroxide (see Table 4). This suggests
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that more organic substrate was consumed during the 
"apparent" fast reaction than originally proposed. This 
discrepancy can be explained by one of two ways, or by the 
combination of both.
The first explanation is that the analytical technique 
is not able to distinguish accurately the end of the fast 
reaction and the beginning of the slow reaction because the 
first experimental reading could not be taken until 
approximately one minute of reaction time had lapsed. If 
the slow component is beginning within one minute of 
reaction time, then the initial drop in concentration 
represents both fast and slow components of the reaction. 
This in turn would cause an apparent increase over the 
expected organic consumption due to just the initiation 
steps. In other words, if the contribution to organic 
consumption from the slow component could be subtracted out 
from the initial drop, then the observed organic consumption 
would be lower and the calculated stoichiometries for the 
fast component would also be lower.
The second explanation is that the analytical method 
does allow one to distinguish between the fast and slow 
components, but that initial propagation steps are as fast 
as the addition reactions so that both initiation and some 
propagation steps are included in the fast component.
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This is a viable explanation because it has been 
observed in other studies that the cyclohexadienyl radicals 
are very reactive intermediates (43) which would suggest 
that the initial propagation steps would proceed at a rapid 
rate. Rate constants are not available for the propagation 
steps so this explanation can not be validated.
Several trends of stoichiometries were observed for the 
different sets of experimental conditions. Discussion of 
these trends are presented in the following sections: (1)
single component systems, and (2) four-component systems.
1. Single component systems
When the initial molar ratios of organic to hydrogen 
peroxide were 5:1, benzene, toluene, and ethylbenzene had 
average stoichiometries of 2.71, 2.68, and 2.69, 
respectively. O-xylene was slightly higher with an average 
stoichiometry of 3.66. As the initial ratio of organic to 
hydrogen peroxide was increased, there was a general trend 
of the stoichiometries to also increase, with o-xylene 
demonstrating the most pronounced effect. When the initial 
ratios were 5:1, 10:1, and 20:1, the corresponding average 
stoichiometries for o-xylene were 3.66, 6.79, and 14.7.
This increasing trend was also observed in a separate study
(44), where it was found that hydrogen peroxide's efficiency
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to initiate organic chain radicals increased as the ratio of 
organic substrate to peroxide also increased. This 
efficiency was shown to increase because more organic 
molecules were available to react with hydrogen peroxide to 
form the organic chain radicals.
Another, less pronounced trend was observed between 
benzene and toluene, ethylbenzene, and o-xylene; The 
stoichiometries for benzene were almost always lower than 
for the other three aromatics. This trend can be explained 
by the relative reactivities of benzene and substituted 
benzenes. It was found that nearly all positions in 
substituted benzenes are more reactive than in benzene 
itself, which reflects the tendency of most substituents to 
stabilize a radical and thus lower the transition state 
energy for formation of the cyclohexadienyl intermediate
(45) .
Experimental data for single component o-xylene 
solutions under a nitrogen atmosphere showed a slight 
decrease in stoichiometries when atmospheric oxygen was 
absent in the solutions. Since molecular oxygen can also 
react with organic radicals through autoxidation, it seems 
logical to expect a decrease in organic consumption when 
oxygen is absent. As mentioned before, the decrease in 
stoichiometries was very slight, indicating that
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autoxidation is not a major reaction pathway during the fast 
portion of the overall reaction.
2. Four component systems
As in the single component systems, the four component 
systems also showed an increase in stoichiometries as the 
ratio of organic to peroxide was increased. This is 
probably due to the same reason as stated for the single 
component system —  that hydrogen peroxide's efficiency to 
initiate chain radicals increases as the ratio of organic to 
peroxide increases.
All components, except o-xylene, showed an increase in 
stoichiometry when in the multi-component system instead of 
a single component system. This too, could be because of a 
concentration effect. The initial total concentration of 
the four component system was substantially higher than for 
the single component systems. Therefore, more organics were 
available to react with hydrogen peroxide to generate chain 
radicals.
In the absence of atmospheric oxygen, all four 
components showed an increase in stoichiometries when the 
initial ratio of organic to peroxide was at its highest —  
20:1. When the initial ratios were 5:1 and 10:1, the 
stoichiometries were essentially the same as when oxygen was
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present. Perhaps at high organic concentrations, oxygen is 
an inhibitor of chain radical formation.
Slow Reaction Observed Rate Constants - k̂ b_ *s
As discussed earlier, the exponential decrease in 
concentration of the organic substrate during the slow 
reaction appeared to follow a first-order rate expression,
ln[org]t = ln[org]0 - k ^ t
where the rate constant, kobs, is independent of the initial 
concentration. The experiments showed no recognizable 
trends of either increase or decrease in kobs as the initial 
ratios were increased. This observation provides further 
support that the slow portion of the overall reaction 
follows a first order rate law. Furthermore, kobs remained 
essentially constant for each component regardless of 
whether it was in a single or multi-component system.
In addition, it can be shown that the mechanism for the 
slow component of the overall reaction follows first-order 
kinetics. It was mentioned in the results section that the 
propagation steps can proceed by either unimolecular or 
bimolecular reactions. The unimolecular reaction can be 
described as a disproportionation reaction where a radical,
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R ', disproportionates to generate a new radical, R^, and a 
product, P.
R‘ ——k^——> R1 ‘ + P
This new radical, R^, can then react with the organic 
substrate, S, through a bimolecular reaction to generate 
another radical, R2’.
S + R^’ — k2— > R2*
The overall equation for both unimolecular and bimolecular 
reactions is then given by:
S + R-  ---> R2* + P
It can be assumed that the disproportionation reaction is 
slower than the subsequent bimolecular reaction, which 
indicates that the first step, or the unimolecular reaction, 
is the rate-determining step. Therefore, the rate equation 
for both steps can be written as
-d[S]/dt = k^R-HS]
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which suggests a second-order reaction. But since the 
concentration of S is sufficiently high, compared to the 
concentration of R*, the concentration of R* is considered 
to remain essentially constant throughout the course of the 
run. The rate equation then becomes
-d[S]/dt = kobs[S] where kobs = k,[R-]
indicating that the mechanism follows a pseudo-first-order 
reaction. Therefore, the mechanism appears to be consistent 
with the data which suggests that the slow component of the 
overall reaction follows first-order kinetics.
In the single component systems, kobs was higher for 
toluene, ethylbenzene, and o-xylene, than for benzene. This 
is an expected trend since all three substituted benzenes 
have the ability to generate more organic radicals in the 
propagation reactions due to the presence of side chains.
In the propagation steps, several side chain reactions can 
take place. Both side chain cleavage and oxidation 
reactions have been observed in other studies (46). In one 
experiment, toluene displayed a slight increase of kobs over 
benzene when the initial ratio was 5:1, yet showed no 
increase over benzene when initial ratios were 10:1 or 20:1. 
Since this reverse trend was observed in only one
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experiment, it was most likely due to experimental error.
The four component systems exhibited a similar trend 
where kobs was higher for all three substituted benzenes than 
for benzene itself. Again, this would be the expected trend 
since toluene, ethylbenzene, and o-xylene, all have side 
chains which can undergo additional side chain reactions 
during the propagation steps.
Experiments conducted in the absence of oxygen showed 
no appreciable change in rate constants. This suggests that 
autoxidation reactions do not contribute significantly to 
the rate of disappearance of the organic substrate.
Product Discussion
As the analyte peak areas declined with time in the 
Fenton's reagent experiments, a few, smaller peaks emerged 
indicating the formation of products. The peak area counts 
of the products were very low, suggesting that the 
concentrations were also low.
Various attempts were made trying to identify the 
products. Standard solutions containing some suspected 
products, such as phenol, some aromatic acids, and various 
cresols, were run on the gas chromatograph to obtain 
retention times. Only one retention time matched a 
retention time found in the Fenton system —  phenol. As
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discussed in the background section, phenol is expected to 
be a major oxidation product of benzene. Unfortunately, the 
area count was so low that the yield of phenol could not be 
determined.
The proposed model for a free radical branching chain 
mechanism indicates that a great number of products are 
possible due to the branching of the propagation steps. The 
initial concentrations of the organic reactants were low to 
start with, so then, if that concentration is divided among 
many products, the product concentrations would most likely 
be lower than the detection limits of the instrument. This 
would explain why so few products were detected by this 
analytical method. As mentioned earlier, other studies have 




The goals of this study were to investigate the effect 
of Fenton's reagent on four aromatic hydrocarbons: benzene,
toluene, ethylbenzene, and o-xylene. After examining the 
Fenton's reagent reactions under several experimental 
conditions, several conclusions can be made.
1. The proposed free radical branching chain mechanism 
appears to be a valid model for these reactions. Reactant 
concentrations always approached zero within a reasonable 
amount of time, which suggests that many reactions were 
occurring during the propagation process. Although not 
substantial proof, low product yields do suggest that the 
proposed model is valid.
2. All four organic components, regardless of experimental 
conditions, exhibited the same general trend of an immediate 
decrease followed by a slower exponential decay of 
concentration. The initial drop in concentration is most 
likely due to fast propagation reactions and to the initial 
flooding of the system with Fenton's reagent free radicals 
which then react with the aromatic organics through addition 
reactions. The exponential decay of concentration is 
probably the result of alkyl, peroxyl, and hydroxyl radical
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reactions during the propagation and termination steps.
3. The observed rate constants and stoichiometries 
increased when side chains were present on the aromatic 
ring. This provides evidence that substituted benzenes are 
more reactive in the Fenton system than benzene itself.
4. Reaction rates and stoichiometries showed very little 
change when in oxygen-free systems indicating that 
autoxidation was not a significant process in the Fenton 
reactions. This is beneficial to environmental applications 
because then Fenton's reagent can be used in anaerobic 
conditions.
5. The complete disappearance of the organic substrates 
suggests that Fenton's reagent is an extremely effective 
oxidant for aromatic hydrocarbons.
6. Stoichiometries increased as initial ratios of organic 
substrate to peroxide increased, which indicates that the 
efficiency of hydrogen peroxide to initiate chain radicals 
increases as the ratio of organic to peroxide increases.
This is beneficial to environmental applications because 
less hydrogen peroxide is required to initiate reactions
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which destroy organic contaminants. Cleanup costs for 
leaking underground storage tanks would be reduced and since 
low concentrations of peroxide are necessary, little threat 
would exist to microorganisms or the environment.
Suggestions for further study
1. Kinetic analysis of the fast component of the 
overall reaction by a faster analytical technique.
2. Development of a technique to identify products 
and determine product yields.
3. Use of "real” contaminated groundwater to 
determine effectiveness of Fenton's reagent in natural 
systems.
4. Use of contaminated soils to test Fenton's 
effectiveness in non-aqueous systems.
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rH ov rH CO xH o 00 ro m in in inCD CO CO o m ao ov m CO o o o
dP CO CO CM CO *3* CO CO CM CO M*
<vC3 a CO CO CO CO CM CM CM rH rH o O o
a> rHN
e O CM VO CM VO ao o m ao m m in0) • » • •.■ . ♦ •■ • •■' ■' • • ■ •
0 dip o ov ao vo r- rH. o . rH CO CO rH rH: i—ii o CM CM CM CM rH rH rH:W rH
<0 o CO ao OV VO OV O CM CM vo ao ao 00
a> o m CO rH CM CO CO CO OV *̂ vo vo vo
u CM *«• vo CM rH in CO VO CM o CM CM CM
< rH CM © rH C" vo vo in in CM CM CMin M* ■3* i—i rH rH
infgp‘Nv»ofl|ooHifl dS-N 
r> co o\ i-h ov 'a* m  o  *3* ro in co 
m  m  >«•: m  o  o  o  cm cm m * hj*
c o c o c o c o c o c o c o c M C M r H  rn h
o  r- cm o  m  «h  ov cm m * cm co <3*
O i n « 3 * C O r O C M O r H O V O V > 3 *  o* <3*
o  <n co co ro cm cm cm
o  ov o* oo ao o* co ao ov ov cm t> cm
OV CO OV CO 00
o r - ' ^ a o m o o o r - r H  vovo cm roL T ) r l O v r ~ a O C M O O O O  CO  VO VO VO 'Jinvr^^rororod rH:,
O V O V O C M O O r H H C ^  CO r-l r-l O  vorHOOvcM«HCM<5vommsr 
vo vo vo in nr »̂* r'- c o  cm cm h
C O C O C O C O C O C O C O C M  CM ; CM CM cm
o c M c o v o c o a o c o v o ^ m m m m
o a v r - v o v o o o o  vo vo ov av ao 
O  00 CO CO CO CO CO CO H  H
m  CO rH CO OV VO o  CO OV rH O  O  00m  co m  vo co t> r- ov av h  .-+■ ov
rH CO vo vo CM ■'T r* rH rl CM M1 OV
rH lO CM rH rH CO CM CO CO 00 CO CO rH
m  m  m  m : ^  ■«* cm m  h  i-h i-h
o c M o o m c o r - m c M  r *  co r *  c o  cm 
o o o r H C M c o ,a ' m v o c > c o  .0 *7- m
o  o  o  o  o  co co (O : vr co co co
cm cm cm m  m  ov pv ov
T-3959 86
APPENDIX B








































































0 50 100 150
t ime (hr)
















































0 50 100 150
t ime (hr)





































































































































































































0 50 100 150
t ime (hr)


























































































































0 50 100 150
t ime (hr)





























































































































































































































































































































□  benzene 
A  toluene 
0  ethylbenzene 
+  o-xylene








































90- □  benzene 
A  toluene 


















£  70- 0
Legend
□  benzene 
A  toluene 































□  benzene 
A  toluene 

















□  benzene 
A  toluene 










□  benzene 
A  toluene 
















£  70- Q )
Legend
□  benzene 
A  toluene 


































Figure C-l. In [Concentration] versus time plot for
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Figure C-2. In [Concentration] versus time plot for






















Figure C-3. In [Concentration] versus time plot for





















Figure C-4. In [Concentration] versus time plot for




















Figure C-5. In [Concentration] versus time plot for




















Figure C-6. In [Concentration] versus time plot for
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Figure C-7. In [Concentration] versus time plot for
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Figure C-8. In [Concentration] versus time plot for




















Figure C-9. In [Concentration] versus time plot for




















Figure C-10. In [Concentration] versus time plot for





















Figure C-ll. In [Concentration] versus time plot for




















Figure C-12. In [Concentration] versus time plot for
experiment 4C. Linear regression equation:



















Figure C-13. In [Concentration] versus time plot for





















Figure C-14. In [Concentration] versus time plot for
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Figure C-15. In [Concentration] versus time plot for
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Figure C-16. In [Concentration] versus time plot for
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Figure C-17. In [Concentration] versus time plot for




















Figure C-18. In [Concentration] versus time plot for



















Figure C-19. In [Concentration] versus time plot for




















Figure C-20. In [Concentration] versus time plot for
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Figure C-21. In [Concentration] versus time plot for
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Figure C-22. In [Concentration] versus time plot for
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Figure C-23. In [Concentration] versus time plot for




















Figure C-24. In [Concentration] versus time plot for




















Figure C-25. In [Concentration] versus time plot for














Figure C-2 6. In [Concentration] versus time plot for
experiment 9B. Linear regression equation:
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Figure C-27. In [Concentration] versus time plot for
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Figure C-28. In [Concentration] versus time plot for
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Figure C-29. In [Concentration] versus time plot for
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Figure C-30. In [Concentration] versus time plot for
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Figure C-31. In [Concentration] versus time plot for 
experiment 11A. Linear regression equations: Benzene:
Y=(1.92E-02)X + 3.56; Toluene: Y=(2.68E-02)X + 3.28? 
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Figure C-32. In [Concentration] versus time plot for 
experiment 11B. Linear regression equations: Benzene:
Y=(1.78E-02)X + 3.77; Toluene: Y=(2.72E-02)X + 3.54; 
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Figure C-33. In [Concentration] versus time plot for 
experiment 11C. Linear regression equations: Benzene:
Y=(1.11E-02)X + 4.15; Toluene: Y=(l.90E-02)X + 4.01; 
Ethylbenzene: Y=(2.33E-02)X + 3.53; and O-Xylene:
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Figure C-34. In [Concentration] versus time plot for 
experiment 12A. Linear regression equations: Benzene:
Y=(1.98E-02)X + 3.35; Toluene: Y=(2.66E-02)X + 3.19; 
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Figure C-35. In [Concentration] versus time plot for 
experiment 12B. Linear regression equations: Benzene:
Y=(1.12E-02)X + 3.73; Toluene: Y=(1.95E-02)X + 3.48; 
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Figure C-3 6. In [Concentration] versus time plot for 
experiment 12C. Linear regression equations: Benzene:
Y= (8.30E-03)X + 4.17? Toluene: Y=(1.54E-02)X + 4.07; 
Ethylbenzene: Y=(2.33E-02)X + 3.71? and O-Xylene:
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Figure C-37. In [Concentration] versus time plot for 
experiment 13A. Linear regression equations: Benzene: 
Y=(1.59E-02)X + 3.58? Toluene: Y=(2.65E-02)X + 3.50? 
Ethylbenzene: Y=(3.22E-02)X + 3.29? and O-Xylene:
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Figure C-38. In [Concentration] versus time plot for 
experiment 13B. Linear regression equations: Benzene: 
Y=(2.65E-02)X + 3.70; Toluene: Y=(3.23E-02)X + 3.56; 
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Figure C-39. In [Concentration] versus time plot for 
experiment 13C. Linear regression equations: Benzene:
Y=(1.55E-02)X + 3.68; Toluene: Y=(2.25E-02)X + 3.54; 
Ethylbenzene: Y=(3.32E-02)X + 3.36; and O-Xylene:
Y=(2.96E-02)X + 3.47.
